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Focal adhesion: Physics of a Biological Mechano-Sensor
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Mechanical coupling between a cell and substrate relies on focal adhesions, clusters of adhesion
proteins linking stress fibers (bundles of actin proteins) inside the cell with surrounding tissue.
Focal adhesions have been demonstrated to both measure and regulate the mechanical traction
along the stress fibers. We present a quantitative model for focal adhesion mechano-sensing and
stress regulation based on stress amplification at the critical point of a condensation transition of
the adhesion proteins.
PACS numbers: 87.17.Jj, 87.16.-b, 05.20.-y
Motor proteins transforming chemical energy into me-
chanical forces have become a textbook staple of biologi-
cal physics [1]. Less familiar to the physics community is
the recent progress in our understanding of a molecular
device, the focal adhesion, that transmits, measures, and
modulates mechanical force instead of generating it [2, 3].
Focal adhesions form the mechanical links connecting the
cytoskeleton to the extra-cellular matrix (ECM) that fills
the space between cells in a living organism. They trans-
mit tension forces generated inside the cell to the sur-
rounding tissue, which can lead to cell locomotion [4].
Focal adhesions also play the role of tactile organs for a
cell: Assembly of a focal adhesion from an initial nucleus
(the focal complex ) is partly determined by the rigidity
of the substrate, as well as by external forces applied to
the cell. A mature focal adhesion also is an active, bi-
directional source of signaling in and out of the cell that
influences cell development.
The basic structure of the complex is shown in Fig. 1.
An actin protein bundle, known as the “stress fiber”,
is connected via adaptor proteins (e.g., vinculin) to a
highly elongated cluster of trans-membrane receptor pro-
teins belonging to the integrin family [2]. Integrins bind
reversibly to certain molecules of the ECM network (such
as fibronectin or collagen), establishing adhesion between
a cell and substrate [5]. Mechanical tension is generated
along the stress fiber through conventional actin-myosin
II contractility (myosin II is the standard motor protein
of muscles). Cell locomotion proceeds by formation of
focal adhesions at the leading edge of the cell and gen-
eration of a sufficient level mechanical traction. Though
cell motility has been extensively studied for a long time,
it was discovered only recently that the traction level is
determined by the rigidity of the surrounding medium:
On highly deformable substrates, the stress fiber tension
level is low, focal adhesions are small and slip along the
surface while on rigid substrates, focal adhesion are larger
and the tension level is higher [6]. As a result, cells tend
to crawl towards regions of increased substrate stiffness,
which is known as durotaxis [7].
Elegant biophysical studies replacing the ECM by
coated micron-sized beads [8], arrays of flexible micronee-
dles [9], or micropatterned substrates [10, 11, 12], re-
vealed that, despite the structural and functional com-
plexity of focal adhesions, their mechanical properties are
characterized by certain general features:
(i) Tension: The maximum traction level T of a mature,
stationary focal adhesion is proportional to its surface
area with a stress level σ of about 5 nN/µm2 [9, 11].
(ii) Clutch Effect [13]: Micron-size beads covered with
fibronectin (an ECM component) placed on a crawling
cell near the leading edge are dragged along by the ret-
rograde flow of actin polymers from the leading edge to
the cell body. Like a“slipping clutch”, the bead initially
can be restrained by the weak picoNewton level forces
of an optical trap, but, after a latency period of about
10mn, the clutch“engages” and an abrupt increase in the
bead-restraining tension is observed pulling the bead out
of the trap [8, 14].
(iii) Mechano-Sensing: Applied force is the mechanical
“signal” for the maturation of a focal complex to a focal
adhesion. This force need not be tension along the stress
fiber but can as well be an externally applied force. In
the latter case, growth of a focal adhesion can be me-
chanically stimulated even when myosin II activity is in-
hibited [15] .
The mechanism behind focal adhesion traction regula-
tion is currently not known. The relatively fast mechan-
ical response times indicate that the mechanical switch
involves a tension-induced conformational change of one
or more of the adaptor proteins [16]. This Letter pro-
poses a model for mechano-sensing based on the con-
cept that tension-induced conformational changes of the
adaptor proteins modulate the critical point of a (two-
dimensional) condensation transition of integrins pro-
teins. Integrins imbedded in reconsituted lipid vesicles
have been shown to spontaneously condense into micron-
size clusters when the vesicle is placed in contact with an
adhesive substrate [17]. These “primitive” integrin clus-
ters are however mechanically fragile, their size rapidly
decreases under picoNewton level applied forces [18],
and they do not exhibit any mechano-sensing properties,
which requires the presence of the adaptor proteins link-
ing the integrins together and connecting them to stress-
fibers.
To illustrate the proposed mechanism, we use a sim-
ple model describing an (elongated) focal adhesion as a
linear, one-dimensional cluster of N identical integrin-
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FIG. 1: Structure of the focal adhesion, adapted form Rive-
line et al. [15]. Traction is generated along the action bundle
(stress fiber) through myosin contraction. In response to the
substrate compliance, a cluster of integrin and adaptor pro-
tein growths from an initial nucleus connected to the stress
fiber.
adaptor (IA) units. Each unit is linked to a pair of helical
actin filaments, as shown in Fig. 1, and also is in contact
with a substrate via a link that can slip. Let x(t) denote
the position of the cluster along the substrate and let v
be the velocity of the actin bundle produced by myosin II
activity. In the limit of low tensions, the total force T ex-
erted by the stress fiber on the link must be proportional
to the slip rate
T = ΓN (v − x˙) . (1)
Since by assumption the cluster consists of N identical
units, the friction coefficient is proportional to N so that
ΓN = Nγ and the force f per IA unit equals f = γ(v− x˙).
Next, ECMs are in general non-Newtonian, visco-elastic
media [4] but we will describe – again for simplicity – the
ECM as a simple Newtonian fluid with a (high) viscos-
ity η. The substrate viscosity is the mechanical “input
signal” that should determine cluster size and tension.
The force required to drag a cylindrical rod of N units
through a viscous fluid with a velocity x˙ equals
T = Nζx˙ , (2)
with ζ the unit substrate friction coefficient. For New-
tonian fluids ζ = 2πηa/ ln(Na/r) [19], where r is the
rod radius and a the length of one unit. It follows from
Eqs. (1) and (2) that f = v(γ−1 + ζ−1)−1 after elimina-
tion of x˙. Finally, the traction along the stress fiber must
be proportional both to the numberN of actin-myosin fil-
aments attached to the focal adhesion and to the velocity-
dependent force exerted by individual myosin II motors.
For purposes of discussion, we linearize the measured
force-velocity curves [1]
T = αNf0
(
1−
v
v0
)
. (3)
Here, f0 is the myosin stall-force, v0 the maximum step-
ping velocity, and α a dimensionless measure of the duty
ratio of the motor activity and the number of motors per
filament. The stall force f0 and the characteristic veloc-
ity v0 define the natural scale ζ0 = f0/v0 for the friction
coefficients γ and ζ. Eq. (3) is consistent with Eqs. (1)
and (2) provided the tension per unit equals
f(ζ) = f0
ζ/ζ0
1 + kζ/ζ0
, (4)
with k = α−1 + ζ0/γ.
Eq. (4) is a purely mechanical self-consistency condi-
tion that shows that stress-fiber tension increases with
substrate viscosity, independently of the size of the focal
adhesion. It provides us with a mechanical “input signal”
for conformational changes of other proteins of the focal
adhesion. However, when we estimate f by equating it to
the known stress σ ≈ 5nM/µm2 on a focal adhesion (see
(i)) times the cross-section area of a single filament in an
actin bundle (of order 104A˚
2
) we obtain a value of the or-
der of 0.1 pN, comparable to the force level generated on
segments of a flexible protein by thermal noise. The unit
tension is too weak to provide effective stress-detection.
According to (i)-(iii), stress-detection involves changes
in size of the focal adhesion. Assume that the focal ad-
hesion is in thermal equilibrium with a two-dimensional
solution of integrin proteins having a chemical potential
µ = kBT ln c0. The cluster size statistics P (N) for an
N protein cluster in thermal equilibrium is given by the
Boltzmann distribution
P (N) ∝ cN0 e
−βNǫ , (5)
with β = (kBT )
−1 and ǫ the Helmholtz free energy
per IA unit. A condensation transition takes place
when µ equals ǫ. In order to describe the adaptor con-
formational transition, we apply the Monod-Wyman-
Changeux (MWC) model for coupled conformational
changes of protein clusters [20]. Proteins are permitted
to adopt either an R state (“Si = +1”) or a T state
(“Si = −1), and the energy cost for a given choice {Si}
of the states of a one-dimensional cluster of correlated
proteins can be expressed as
H = NER −
∆ERT
2
N∑
i=1
(Si − 1)− J
N∑
i=1
SiSi+1 . (6)
Here, J is the energy scale for the cooperativity between
adjacent units, ER is the binding energy of the IA unit
to the substrate in the R state, and ER + ∆ERT in the
T state. The difference between the T and R bind-
ing energies depends linearly on the unit tension f as
∆ERT (f) = ∆E0(1 − f/fRT ), with ∆E0 the zero ten-
sion energy difference and δ = ∆E0/fTR the change
in size of the IA unit due to the conformational tran-
sition. The MWC model maps onto the one-dimensional
Ising model, which means that we can directly obtain the
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FIG. 2: Average tension 〈T 〉 (in units of f0) as a function
of the chemical potential µ˜ (in unit of kBT ) and the friction
coefficient ζ (in units of ζ0), for parameters k = 5, ∆E0 =
0.5kBT , fTR = 0.1f0 and J = 10kBT (see text). The full
curves show the dependence of the tension on the friction
for fixed chemical potential µ˜/kBT = −0.3, −0.2 and −0.1,
respectively.
(grand-canonical) partition function
Z =
∞∑
N=1
eβµN
∑
{Si}1=1,N
e−βH
=
1
1− e−β(ǫ+−µ˜)
+
1
1− e−β(ǫ−−µ˜)
.
(7)
The quantity µ˜ = µ−ER + J plays the role of the effec-
tive integrin chemical potential, and the energy scales ǫ±
depend on the external tension as
ǫ±(f) =
∆ERT (f)
2
− kBT
[
cosh
(
∆ERT (f)
2kBT
)
±
√
sinh2
(
∆ERT (f)
2kBT
)
+ e−4βJ
]
.
(8)
If we neglect the weak, logarithmic dependence of the
substrate friction coefficient on N (see Eq. (2)), we ob-
tain our final expression for the thermally averaged total
tension 〈T 〉 = 〈N〉f(ζ) along the stress fiber
〈T 〉 ≈
1
1− e−β(ǫ+−µ˜)
f(ζ) , (9)
where ǫ+ depends on ζ through Eqs. (4) and (8).
Figure 2 shows the dependence of fiber tension 〈T 〉
on substrate friction coefficient ζ and integrin chemical
potential µ˜. At low integrin chemical potentials, the clus-
ters are small. The “bare” physico-chemical stress sen-
sitivity of Eq. (4) is the only mechanism at work, which
provides only minimal stress detection. For intermedi-
ate chemical potentials, the tension is initially low and
practically independent of substrate friction for low vis-
cosities. However, the tension increases dramatically at
a threshold value of the friction coefficient that depends
linearly on chemical potential, due to a tension-induced
condensation transition of the integrins. Finally, for large
chemical potentials, the tension grows immediately when
the substrate viscosity turns on.
The scenario for intermediate chemical potentials ac-
counts qualitatively for the properties of focal adhesion
stress-detection mechanism summarized in (i)-(iii). For
what parameter values does it operate? Stress-detection
requires the unit tension f of order 0.1 pN to be com-
parable to the force-scale fTR for the conformational
change. The adaptor size change δ should not exceed
the size of a protein (of the order of a few nanometer),
which means ∆E0 has to be of order 0.1 kBT . To ensure
cooperativity, J/(kBT ) must be large compared to one.
The model thus predicts that inside the focal adhesion
complex, adaptor proteins should be found that (i) are
strongly coupled to neighbouring units, (ii) are linked to
the stress fiber, (iii) undergo a large-scale conformational
change between two nearly degenerate configurations. In
conclusion, we have derived a simple model that describes
the generation and regulation of the tension exerted by
the focal adhesion on the ECM. This model is based on
the idea of a “slipping clutch”, where the cooperative,
tension-induced aggregation of IA units causes the clutch
to engage as the system crosses the threshold shown in
Fig. 2.
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